Abstract-This paper presents recent results in the design, fabrication, and demonstration of indium phosphide based integrated optoelectronic devicesfor applications in communications and signal processing. The underlying theme in the design and use of these devices is to exploit the parallelism that manifests itself owing to the availability of a set of stabilized, mutually coherent optical carriers, oroptical frequency combs.
many photonic devices rely on optical interferometric effects, such as filters, modulators, etc. The interferometric effects are greatly influenced by optical propagation path length, which is influenced by environmental effects, such as temperature, humidity, vibration, etc. If the photonic system is integrated using a common material platform, such as InP, then all the devices will behave in a similar manner due to environmental effects, and thus the efforts to mitigate these effects is simplified. In contrast, discrete components that are realized from different material, will behave differently due to environmental effects, and hence, each device will need different strategies and approaches for alleviating environmental effect. As a result, integration can have a tremendous beneficial impact when considering the size, weight, cost, power consumption, and performance of photonic systems for high speed information processing and communications.
In this paper, a novel approach for the generation of stabilized comb sources with wide comb spacing, large comb numbers, and narrow comb tooth linewidth is presented. We then discuss how this comb source can be used with two novel modulation schemes for utrafast time domain and ultra-broadband frequency domain signal processing applications, all of which are compatible with InP integration, for signal processing systems on a chip.
The paper is organized as follows: First, an overview of optical frequency comb technology is presented, to compare and contrast their output characteristics for future applications, and to motivate the use of a semiconductor material platform as a path for miniaturization. We describe a novel coupled-cavity mode-locked semiconductor diode laser that produces a periodic optical frequency comb with both wide comb spacing and narrow comb tooth linewidth. The general approach builds on concepts of nested optical cavities, and also relies on an optical nonlinear mechanism for providing the coupling, and stabilization without feedback control.
Next, novel modulation concepts are discussed that can be employed for linear temporal modulation (modulation all combs at once) or parallel phase modulation (modulating each comb independently). Several unique features will be shown, to contrast against conventional modulation technology. We will discuss time domain modulation with inherent optical gain using injection locking, and show that, in principle, a perfectly linear intensity modulation can be obtained using arcsine phase modulation Finally, we build on the idea of optical injection locking to demonstrate an ultrafast linear spatial light modulator array capable of modulation rates in excess of 10 GHz using vertical cavity surfacing emitting lasers (VCSELs). In this case, we spectrally disperse the optical comb and use each comb component as an injection seed source into each element of the VCSEL array. Modulating the current of each VCSEL element provides independent modulation to each comb components. This type of approach is very amenable to applications requiring arbitrary waveform generation.
II. COMB TECHNOLOGY COMPARISON
In many signal processing and communications applications, tremendous gains can be achieved by exploiting the parallelism offered by wavelength division multiplexing [1] - [3] . In these applications, there is a 'cross-over point, where the processing and distribution of high speed signals can be performed with the signal existing in either the optical or RF domain. In general, this occurs with signals with carriers or signal bandwidths in the 1-100 GHz region. For example, at the upper end of this frequency range, signals in the electrical domain suffer from degradation due to signal loss in cables, and crosstalk/EMI between closely spaced transmission lines. For baseband electrical signals, impedance matching issues and dispersion compound these problems. To solve this, transforming the electrical signals via a modulation of an optical signal alleviates these problems. This transforms wide baseband electrical signals to a narrow band modulation on an optical carrier, creating a signal with small fractional bandwidth. As an optical signal propagating in waveguides or fiber, effects of EMI/crosstalk, dispersion, impedance matching and loss become negligible for these narrowband signals.
Conversely, at the lower end of the 1-100GHz span, the challenge for photonics is the ability to multiplex and demultiplex optical signals. In general, signal multiplexing and demultiplexing is performed with device technology that uses optical interference and diffraction for this purpose. As a result, to achieve spectral resolution of 1 GHz, the path length difference between interfering beams needs to be on the order of ∼30 cm. These lengths are long for conventional linear waveguides but can be achieved using spiral waveguides on an integrated platform with a size of ∼1 cm or less, thus keeping the footprint small [4] . It is this size dimension that tends to put a lower limit on spectral resolution. Cascading spiral waveguides can increase the path length, at the expense of larger footprints. It should be noted that other approaches for simultaneous demultiplexing and detection, using multiple frequency combs sources, can be employed and achieve superior spectral resolution e.g., using "multi-heterodyne" approaches, and as comb sources become more robust, this lower end will be pushed further.
In either case, to facilitate this parallelism for signal processing, the availability of a set of optical carrier frequencies periodically spaced in frequency, with a frequency spacing in the range of 1-100 GHz, would be beneficial. Frequency combs can be generated from a variety of techniques. Fig. 1 provides a visual comparison of comb technologies by contrasting the total output bandwidth and comb spacing. Also show are the spectral coverage of telecommunications, signal processing, and spectroscopic applications.
Stabilized frequency combs were first demonstrated in mode-locked Ti:Al 2 O 3 lasers, producing optical spectra spanning one octave at repetition rates of >100 MHz, and 100's of mW of average output power [5] - [7] . Fiber lasers soon followed, using mode-locked lasers with repetition rates of 10's -100's of MHz, and spectral coverage over several 10's of nm [8] - [11] . These laser sources were primarily used in spectroscopic and metrological applications. Signal processing and communication applications suggested that comb sources could be useful, if comb spacing's of 10 GHz or more were available.
Wide spaced combs can be obtained by a variety of methods. For example, a continuous wave laser can be passed through a series of modulators to produce a stable frequency comb, often referred to as "electro-optic modulator combs" or EOM combs. [12] , [13] . This approach is quite simple as it can be easily realized from commercially available components. Some of the key salient features are that the comb spacing can be easily adjusted by adjusting the RF drive frequency and the center wavelength is determined by the wavelength of the cw laser. On the other hand, the noise properties of the generated comb are determined by the c.w. laser and the noise of the RF drive signal. These sources directly produce a spectral output of ∼5 nm, with ∼10's mW of output power.
Another method that is garnering a significant amount of attention is the use of micro-resonator, also referred to as Kerr micro-combs [14] - [18] . In this case, a cw laser is coupled into a high Q (Q > 10 7 ) ring resonator, and the tightly confined laser signal, coupled to the nonlinear index of the micro ring produces a frequency comb via parametric four wave mixing and self-phase modulation, with comb spacing equal to the freespectral range of the micro-ring. The advantages of this approach is that an optical octave can be achieved with comb spacing of ∼1 THz, sufficient for carrier envelop offset locking, to establish a true optical frequency ruler. On the other hand, watt-level c.w. lasers are needed, and coupling into the ring and maintaining a frequency lock between the c.w. laser and a resonance peak of the micro-ring is required.
Finally, a third approach is the use of semiconductor based mode-locked laser diodes (MLLDs). The use of mode-locked lasers is a natural solution, since in the production of modelocked pulse trains, the spectral output is a comb of optical carriers on a periodic frequency grid. Mode-locked semiconductor lasers can be configured with external cavities or be realized with a chip scale footprint [19] - [23] . Typical spectral output is on the order of 1-10 nm, with output powers of a 1-100 mW, and repetition rates ranging from ∼100 MHz to >100 GHz. Chip scale MLLDs devices are attractive in that no RF drive is required under passive mode-locked conditions, and the devices are electrically efficient, and a few millimeters in length for 10 GHz operation. A key limiting factor in the performance of chip scale MLLDs is the low cavity Q-factor, due to the low reflectance of the cleaved facets for cavity output coupling.
III. SEMICONDUCTOR FREQUENCY COMB SOURCE
The key benefits of small size, excellent wallplug efficiency and potential for integration with electronics makes MLLDs excellent candidates for frequency combs and therefore provides a strong motivation to identify methods to improve comb generation techniques and the output characteristics from these devices. In that light, one approach to improve the quality of frequency combs from MLLDs is to improve the cavity Q by utilizing a technique that employs harmonic mode-locking in an extended cavity and simultaneously incorporating an intra-cavity etalon with a free spectral range that matches the mode-locking repetition rate [24] , [25] . This approach results in higher Q cavity owing to the longer storage time of the extended cavity, and hence narrow comb linewidths, and the incorporation of the intra-cavity etalon serves as an optical filter to select a single axial mode group to eliminate supermode mode noise. This technique has resulted in ultra-broad bandwidth combs, with several hundreds of comb components on a 10 GHz, grid, with comb tooth line width of a few hundred Hertz. While this technique has resulted in semiconductor diode based frequency combs with unprecedented performance, a drawback is that extended cavities are employed and stabilization techniques are required to maintain a harmonic relationship between the extended cavity free spectral range and the FPE FSR [26] . Recent advantages in making low loss waveguides, however have opened the door for possibilities of fabricating extended cavity MLLDs on chip, and researchers have followed this path to fabricate harmonic MLLDs on chip while also incorporating a ring resonator as the mode-selection filter to eliminate competing supermodes from the harmonic mode-locking process [27] . Nonetheless, even if these approaches are used, active stabilization techniques are still required to maintain the harmonic relationship between the axial mode spacing of the extended cavity and mode-selection filter. Given this, what is needed is an approach to coupling and locking cavities that is simplified or eliminated, which is also amenable to photonic integration. Achieving this, one could enable robust, high quality combs that would be compact and electrically efficient. Given these desired salient features, we propose to use two MLLD's coupled to each other via a common nonlinear saturable absorber. The overall salient feature of this approach is twofold: 1) use injection locking of a high repetition rate, low Q MLLD with a lower repetition rate, higher Q MLLD, to achieve a high repetition rate and an effective high Q output, and 2) to rely on nonlinear optical phenomena as a mechanism that is energetically favorable for the coupled lasers to maintain their locked relationship without the need of control electronics.
The general device concept is schematically illustrated in Fig. 2 , which shows a free space embodiment for which the experimental results have been performed, along with a concept design of its integrated chip scale counterpart [28] .
The device employed in our experiments is comprised of 2 mode-locked semiconductor diode lasers, whose cavities are coupled using a shared nonlinear saturable absorber, fabricated on a single chip. The lasers are oriented orthogonal to each other so that the shared saturable absorber is located in the center of both laser cavities. Owing to the position of the saturable absorber, both lasers operate as colliding-pulse mode-locked lasers (CPM). One laser, which will be referred to as the slave laser, uses a linear cavity and is realized by cleaved facets with ∼30% reflective surfaces, and a physical cavity length of ∼3 mm, leading to a cavity free spectral range of ∼14.73 GHz. Owing to the linear cavity configuration and the saturable absorber location in the center of the cavity, the laser passively mode-locks at ∼29.46 GHz pulse repetition frequency. The second laser, referred to as the master laser, uses a ring cavity configuration, and is comprised of 2 separate gain elements fabricated on the same chip as the CPM slave laser. The two gain elements are fabricated as angled stripe semiconductor optical amplifiers, also with cleaved facets. The output from these two facets are collected using aspheric lenses and an external ring cavity is constructed, resulting in counter propagating pulses oscillating under passive mode-locked operation. The cavity length of the master laser's external cavity was precisely adjusted using an optical delay line (not shown) so it would be commensurate with a sub-harmonic of the slave laser cavity length. In this case, the fundamental mode spacing of the master laser was 446 MHz, corresponding to the 66th subharmonic of the slave laser.
It should be noted here that 2 device configurations were explored. The first case operates both master and slave laser under passively mode-locked conditions, each with 'as-cleaved' facets for output coupling of the slave, and as loss elements of the master laser. The second experiments were performed to highlight potential improvements in performance of the slave laser that could be garnered by reducing the losses of the master laser and improving the master laser timing stability. This was achieved by depositing a 3-layer anti-reflection coating on the facets associated with the angle stripe gain elements of the master laser. The timing stability of the master laser is improved by incorporating a fiberized Mach-Zehnder LiNbO 3 intensity modulator for performing hybrid mode-locking.
A fully integrated version of the laser is conceptually shown in Fig. 2(b) to illustrate how the free-space realization can be configured on a chip scale platform. The cross coupled, linear CPM slave laser is coupled to a low -low silicon platform with integrated low loss waveguides. An on-chip modulator, (e.g., silicon) can serve to hybridly mode-lock the master laser and on-chip heater elements serve as components to precisely adjust the master laser cavity length to be harmonically matched to the slave.
A. Principle of Operation -Injection Locking and Nonlinear Coupling
The simultaneous mode-locked and stabilizing operation occurs through the mechanism of a shared saturable absorber. In general, the slave laser possesses a low cavity Q factor, owing to the high losses due to the low reflectance (∼30%) of the cleaved facets, and due to the short optical storage time of the cavity, given the slave lasers short cavity length. The master laser, while it also experiences high losses when its cleaved facets are uncoated, it benefits from a longer cavity length since the long cavity length increases the cavity Q. The long cavity length and higher Q leads to a narrowing of the linewidth of the axial, or longitudinal modes of the master laser. Since both cavities of the master and slave laser are harmonically related, the pulses of the master and slave meet in the saturable absorber and exchange energy through degenerate four wave mixing. In this case, the master laser pulses are injected into the slave laser and assist in stabilizing the slave laser output. The slave laser's performance is improved because the linewidth of the axial modes of the master laser are ∼100× narrower, since its storage time and cavity length are ∼100× longer. The narrow axial modes of the master, once injected into the slave, become the 'seeding" light of the slave laser, and the slave laser locks onto the seed light, instead of background spontaneous emission, and the slave laser's optical output characteristics takes on the characteristics of the master laser. As a result, the slave laser, which has a low Q (wide axial mode linewidths) and wide comb spacing (short cavity length) takes on the axial mode linewidth of the injection source (master laser) but maintains the wide comb spacing. This is schematically depicted in Fig. 3 below. It should be reminded that narrow comb linewidths directly translate to increased spectral purity of the generated combs, which translates to lower amplitude and phase noise.
In conventional injection locking experiments, the tranverse optical mode of the master laser must also match the tranverse mode of the slave laser. In most experiments, the master and slave lasers are single transverse mode lasers and the master laser light is injected along the optical axis of the slave laser. In this case, the k-vectors of both master and slave are identical and parallel. In our case of orthogonally oriented master-slave laser cavities, the k-vectors are oriented at 90°, and normal coupling between these laser cavities would be prohibited. However, since both lasers share a common saturable absorber, the nonlinear mechanism of degenerate four-wave mixing occurring within the saturable absorber can be used to couple between the orthogonally oriented cavities of the master and slave lasers. This illustrated schematically in Fig. 4 below.
In Fig. 4 (a), input master pulses (red) enter the saturable absorber from counter propagating directions, and simultaneously, counter-propagating slave laser pulses (blue) enter the saturable to interact with the master laser pulses. Both master and slave single mode ("red and blue plane waves" respectively) interfere to create a spatially modulated refractive index in the form of a 'transient grating' that is oriented at 45°with respect to either waveguide direction (green). The master laser pulses are Bragg scattered in a direction 90°from its characteristic k-vector, thus coupling into the slave laser. It should be noted that only one transient grating is shown in the figure for clarity. In reality, there is a transient grating for any 2 interfering beams that can couple light into another beam. In our case, one could suggest that the slave laser can inject light into the master laser. However, the wide linewidths of the slave laser are filtered out by the narrow passbands associated with the axial modes transmission peaks of the master laser cavity, thus making the injection locking process favorable to master laser light injecting into slave laser modes (Fig. 4(b) ). It should be noted here that the laser oscillation for both master and slave laser has its polarization oriented in the plane of the gain layers, linear scattering is prohibited since the single mode nature of the waveguide can only couple light into an orthogonal waveguide via diffraction if the light is polarized orthogonal to the gain layers (Fig. 4(c) ).
Below, we show the device performance characteristics for the master laser in passive and hybrid mode-locked operation. We also show the characteristics of the slave laser under free running passive mode-locked operation and under injection locked operation for the case of the master laser running in passive and hybrid mode-locked operation.
B. Performance Characteristics
The experimental configuration for the realizing and characterizing the coupled cavity mode-locked device is shown in Fig. 5 . The device is made from a 10 layer InAs-InGaAs quantum-dot semiconductor laser wafer designed to emit near 1.3 microns, and is fabricated from standard fabrication procedures. It should be noted here that while the current device is not fabricated from solely InP materials and their variants, the overall concepts of improving the laser performance by injection locking, the fabrication procedures and characterization methods would be similar.
Both master and slave laser are biased for passive modelocked operation. Independent probes on all 4 gain elements were adjusted to achieve passive mode-locking simultaneously for master and slave laser, when a single common probe is employed to provide the negative bias voltage to the shared saturable absorber. The slave laser operates at ∼29.46 GHz, from a linear CPM cavity with 30% reflective cleaved facets. The master laser uses aspheric lenses to couple light from the device to a free space cavity comprised of 4 gold mirrors with an 8% reflective pellicle as an output coupler to minimize cavity losses. An adjustable optical delay line is used to precisely match the optical cavity length of the master laser to be harmonically related to the slave laser. The output of both master and slave are passed through optical isolators and sent through angle-striped semiconductor optical amplifiers (SOAs) that were fabricated from the same semiconductor wafer, to increase the optical power for diagnostics. The diagnostics comprised optical and RF spectral analysis, along with intensity autocorrelation for temporal analysis. Waveplates were used after the isolators to re-orient the polarization for amplification in the SOAs.
The master laser output characteristics are show in Fig. 6 . The optical spectrum exhibits a FWHM spectral width of 3.6 nm. The axial modes of the master laser are unresolved owing to the resolution bandwidth of the optical spectrum analyzer, 0.01 nm near 1.3 microns. The optical intensity autocorrelation measures a deconvolved 5.21 psec pulse duration, assuming a Gaussian profile. The time bandwidth product is 3.29, suggesting the pulses are 7.5 times the transform limit. The RF spectrum shows the 66th harmonic tone of the power spectrum of the photo-detected signal. This frequency was chosen to analyze since it coincides with the fundamental RF tone of the slave laser, and facilitates a direct comparison of the performance of the slave laser under injection locked conditions. Also show in Fig. 6(d) , is a measurement of the linewidth of the axial modes of the master laser. This measurement was performed using a standard delayed self-heterodyned method [29] . Since the input signal to the heterodyned measurement is a comb of frequencies, the measured output represents an average of the linewidth of all the locked modes of the master modelocked laser. The resultant deconvolved linewidth, assuming Lorentzian shaped axial modes, yields a −10 dB linewidth of 3.8 MHz.
The slave laser output characteristics are shown in Fig. 7(a)-(f) . for both free running and injection locked conditions. In Fig. 7(a) we show the optical spectrum of the passively mode-locked slave laser. The salient features are the spectral width of ∼1 nm and the appearance of a strong set of axial modes separated by 29.46 GHz. A weaker set of 29.46 GHz tones are also observed, but interleaved with an offset of 14.73 GHz. This spectrum is indicative of two optical supermode groups contributing to the output pulse train, and shows that the two circulating pulse trains within the cavity are not perfectly correlated. The output intensity autocorrelation is also shown, resulting in optical pulses of 4.32 psec in duration, giving a TBP of 0.757, suggesting the pulses are 1.72 times the transform limit. Fig. 7(c) shows the output spectrum of the slave laser under injection locked conditions. The salient features to note is that the spectral width remains constant, and most importantly, a dominant set of axial modes spaced at 29.46 GHz are generated, showing that the second set of oscillating modes is suppressed by >30 dB, leading to highly correlated circulating pulse trains in the slave laser, and is a clear indication of the beneficial effect of injection locking. Fig. 7(d) and (e) show the average axial mode linewidth of the slave laser for free running and injection locked conditions, respectively. The free running, deconvolved linewidth of 8 MHz is measured. This is to be compared to a 3 MHz linewidth measured under injection locked conditions, showing the beneficial effect of injection locking as it provides better spectral purity on the output of the slave laser. It should be noted that the 3 MHz linewidth matches well with the axial mode linewidth of the master laser. Finally, in Fig. 7(f) , the RF power spectrum of the photodetected pulse train is displayed for free running and injection locked conditions. The phase noise skirts are substantially reduced for the slave laser under injection locked conditions suggesting improved timing stability, resulting in reducing the −30 dB linewidth of 24.35 MHz to 4.88 MHz.
C. Improved Device Architecture -Hybrid Mode-Locked Master Laser
As the above section has shown, it is possible to use nonlinear degenerate four wave mixing to couple two mode-locked semiconductor lasers sharing a common saturable absorber. This configuration provides for the easy transfer of the higher Q of a low repetition rate master laser to a low Q high repetition rate slave laser. To improve on this configuration, improvements of the master laser's Q factor can be achieved by reducing the Fresnel losses on the cleaved facets by using anti-reflection coatings. In addition, an increased temporal stability can be achieved by employing an intracavity loss modulator to provide an 'active' mode-locking signal, and will refer to this mode of operation of the master laser as hybrid mode-locked. The effect of the modulator is to correlate noise between the laser's axial modes, which leads to a narrowing of the tones in the RF power spectrum. It should be noted that the intracavity modulator is fiberized, adding to the overall cavity length of the master laser. This increases the storage time of the master laser and further improve the Q factor, and reduce the master laser axial mode linewidth.
The antireflection coating applied to the end facets of the gain elements for the master laser was based on a broadband 3-layer coating. The design was chosen to provide a wider spectral bandwidth for low reflectance while also allowing for a wider tolerance range in the deposited layers and their corresponding thicknesses. The AR coating were deposited using an e-beam evaporator with an insitu ellipsometer for monitoring the coating during deposition. The 3-layer AR coating was optimized using "Essential Macleod" thin film software resulting in a design comprised of the following: 241 nm SiO 2 layer, a 34 nm Si layer, and a 48 nm Al 2 O 3 layer. The coatings were deposited on Fabry Perot devices to determine their effectiveness. The coated and uncoated devices were tested for changes in threshold current, analysis of the depth of modulation of the Fabry Perot modes, and optical gain. The uncoated devices a possessed threshold current of 30 mA, while the coated devices showed no onset of lasing up to the highest currents of 120 mA. The depth of modulation of the F-P modes were analyzed using the Hakki-Paoli method and showed that the 3-layer coating provided a reflectance of 6 × 10 −3 over a spectral band spanning 50 nm centered at ∼1270 nm. The devices exhibited nearly identical I-V curves, and the overall power gain on the coated devices increased from 12.5 dB (uncoated) to 19 dB (coated). Fig. 8 (a) and (b) shows the output optical spectrum of the slave laser, before and after injection locking. As before, under free running, passive mode-locked operation, the slave laser exhibits 2 oscillating supermode groups. Under injection locked conditions, a single axial mode group is obtained with nearly 30 dB suppression of the competing axial mode group.
Similarly, the average linewidth of the axial modes of the slave laser was measured to be 5.5 MHz under free running passive mode-locked operation, while under injection conditions, the linewidth was reduced to 1.13 MHz (Fig. 9(a) ). It should be noted that the improved Q of the master laser is inferred by noting the reduced slave laser linewidth for injection locked conditions using the master laser under passive and hybrid mode-locked conditions, as can be seen by comparing Figs. 7(e) and Fig. 9(a) , respectively. The −10dB deconvolved linewidth of the RF power spectrum was reduced 4.64 MHz to 332 kHz, representing a 14x reduction in RF linewidth, and demonstrates a key improvement of using an active RF drive signal for employing hybrid mode-locking for the master laser and improving the overall master laser Q factor.
IV. MODULATOR TECHNOLOGY

A. Injection Locked Linear Modulator -Device Concept
To facilitate novel signal processing capabilities using optical frequency combs, novel methods for light modulation may be required. For example, novel ways for modulating individual comb components in parallel would be useful for WDM based communications, and for signal processing architectures that operate on segments of the optical spectrum. Alternatively, some applications of signal processing require extreme linearity in the transduction process of transforming an electrical signal to be processed, to an optical signal (for further processing or for transmission). For example, in the application of realizing a low loss microwave link, one could envision the task of transmitting a broad, baseband microwave signal by using the signal to modulate an optical carrier by employing a conventional LiNbO 3 intensity modulator and detecting the light signal at the desired location and recovering the microwave signal. This procedure exploits the low loss and low dispersion of light in fiber as compared to the loss and dispersion that would be experienced by propagating the microwave signal in coaxial cable. Unfortunately, the owing to the interferometric nature of a MZ modulator, the transduction curve is not linear, but sinusoidal, and the resultant modulated optical signal would be distorted with respect to the input microwave signal. This is clearly seen in Fig. 10(a) , which shows the transmission transduction curve of a MZ modulator as a "half raised-cosine" along with a saw-tooth input modulating voltage. In this case, with the input signal voltage ranging from maximum transmission to minimum transmission, the output modulated optical signal is a pure sine wave. As a result, the input saw-tooth signal, which contain many Fourier components results in a modulated optical signal, which, upon detection, generates a single sinewave component, and the many Fourier components of the original signal is lost and the fidelity of the recovered signal is severely compromised.
The same reasoning applies to the use of a MZ modulator as the transducer for photonic assisted analog to digital converters [30] . In this application, a mode-locked laser pulse train serves as a sampling function that samples the voltage applied to the MZ modulator. For similar reasons as discussed, the voltages of the signal to be sampled that occur near the minimum and maximum transmission points on the transmitted transduction curve, would result in errors in the sampled signal because linear changes in the applied voltage result in nonlinear changes in the transmitted optical intensity.
As a result, these signal processing applications would benefit greatly from a modulator with a true linear transduction curve, such as shown in Fig. 10(b) . To achieve a true linear modulation transduction curve, one can incorporate an optically injection locked laser in one arm of a Mach Zehnder modulator [31] . It is well known that the output phase of a signal generated from an injection locked oscillator (ILO) acquires a phase difference from the input signal that is arcsine of the frequency detuning, i.e.,
where ϕ(Δω) is the output phase of the injection locked signal, Δω is the frequency difference between the injection locking signal and the natural resonance oscillating frequency of the slave laser, and ω m is ½ the locking range [32] . Thus, by modulating the natural resonance frequency of an injection locked oscillator, one can realize an "arcsine" phase modulator. Fig. 11 (a) and (b) shows plots of the arcsine phase response of an injection locked oscillator and the injection locked output frequency for positive and negative cavity detuning, respectively. Note that the output phase is determined by the intersection of the arcsine phase curve, and the position of the frequency of the injection locked output. The key to achieving true linear intensity modulation is to use the arcsine phase response of an injection locked oscillator to exactly compensate for the "raised-cosine" response of a Mach-Zehnder intensity modulator. By incorporating an injection locked oscillator into one arm of a Mach-Zehnder interferometer, the resulting output modulated intensity is given by
(2) where f(t) is the driving signal that adjusts the slave lasers natural resonance, and also shows that the output intensity is a linear function of the driving signal (see Fig. 10(b) ). Fig. 12(a) and (b) schematically shows the salient features of a conventional M-Z modulator and the linear intensity modulator. 
B. Injection Locked Linear Comb Modulator
It should be noted that this modulator is appropriate only for a single wavelength input, e.g., an axial mode from an optical frequency comb. However, this concept can be immediately extended to modulating an entire optical frequency comb simultaneously. This can be seen by recognizing that the slave laser in one arm of the interferometer is comprised of an optical cavity, which not only possesses it natural resonance, but also has a periodicity of natural resonances, e.g., the axial or longitudinal modes of the laser cavity. Thus, to achieve simultaneous linear modulation on a set of optical frequency combs, the slave laser must possess an axial mode spacing equal to the frequency spacing of the optical comb [33] . This is shown schematically in Fig. 13 . In Fig. 13 (a) each cavity resonance of the slave laser is injection locked to an axial mode of the input frequency comb. In general, since the input frequency comb is phase coherent, and if the spectral phase of the input comb signal is linear, the time domain representation of this signal is a pulse train. As the cavity resonance of the slave laser is tuned, typically by varying the input current to the slave laser, the cavity resonances shift to lower and higher frequency, resulting in output combs that are "arcsine phase modulated". By combining this light with unmodulated combs, the total resultant light signal has undergone pure linear intensity modulation of an input pulse train (Fig. 13(b) ). This type of modulator is extremely useful in optically sampled photonic assisted analog to digital converters.
C. Performance Characteristics of Linear Comb Modulator Using a 2-Section MLL
To demonstrate the concept of linear modulation for a frequency comb input light signal using an injection locked laser, a chip-scale 2-section (gain, and saturable absorber) and 3-section (gain, phase and saturable absorber) mode-locked lasers were fabricated, tested, and incorporated into one arm of a Mach Zehnder interferometer. We will first provide MLLD device performance characteristics and then measure the modulator's spur free dynamic range response (SFDR).
The mode-locked lasers were fabricated from a 5 layer AlGaAsP-InP multiple quantum well structure [34] . The devices were fabricated using conventional wet chemical etching techniques, along with BCB isolation and metallization. Waveguides of 2.5 microns were fabricated and devices were cleaved resulting in physical cavity lengths of 1.869 microns, with saturable absorber lengths of 70 microns. A threshold current of 51 mA was observed with 0 volts on the saturable absorber. The master laser was hybridly mode-locked (65 mA, −1.8 V, 6 dBm RF power) and resulted in a 22.998 GHz output frequency comb centered at 1550 nm, with a FWHM spectral width of 2.2 nm, and a deconvolved pulse duration of ∼3.69 psec (see Fig. 14) . The slave laser was identical to the master laser and was passively mode-locked (65 mA, −1.9 V), generating similar temporal and spectral output characteristics. Both lasers generated ∼1.5 mW at their respective bias conditions.
The experimental setup for demonstrating the linear frequency comb modulator is shown in Fig. 15 . The master laser is hybridly mode-locked and isolated from the MZ interferometer. The master laser is split into 2 beams using a beam splitter, and both beams were passed through optical delay lines. A neutral density filter was used on the input to the slave laser to realize a 1 microwatt input signal, corresponding to an injection power ratio of −27.8 dB. One arm of the interferometer was controlled with a piezo-driven delay stage to bias the interferometer in quadrature, and wave-plates and neutral density filters were used to optimize the interferometer visibility. Changing the dc bias current of the slave laser by 2.3 mA would change the output of the interferometer from maximum to minimum with the quadrature bias current at 65 mA.
Two RF tones of 200 MHz and 500 MHz were simultaneously applied to either the gain section or the saturable absorber section to serve as the modulators driving signal that changes the slave lasers natural resonance frequency and provides the arcsine phase response. The output of the MZ interferometer was monitored with an optical spectrum analyzer, intensity autocorrelator, power meters and PIN photodiodes. The PIN detectors were connected to a sampling oscilloscope for time domain analysis and to an RF spectrum analyzer for the measurement of the "spur free dynamic range" SFDR.
The spur free dynamic range is determined as the ratio of the power in frequency tones related to intermodulation distortion and the carrier power at the point where the intermodulation products have the same power as the noise floor. This is schematically illustrated in Fig. 16 . In general, a signal is composed of many Fourier components. If there is distortion in the modulated signal, the output signal will possess new frequencies that will be a function of the original signal's Fourier components, and all other linear combinations the signals Fourier components. For example, if two frequencies are applied to a modulator that produces a distortion of the generated signal, the output signal spectrum consists of the 2 original Fourier components, their harmonics, and other "sum" and "difference" components. In many signal processing systems, the harmonic distortion at 2ω and 3 ω can be filtered out, but the frequency terms oat 2ω 1 − ω 2 and 2ω 2 − ω 1 fall within the signal processing band of interest. Thus, by measuring the power of these distortion tones relative to the input carrier power, the SFDR can be determined. Since these product terms are third-order in their origin, their power dependence should have a slope of −3 on a log-log plot. In the present modulator configuration, the RF power as applied to either the SA or gain sections were adjusted so that the detected two-tone carrier power was identical in both cases.
In Fig. 17 , the resulting SFDR plot is shown. The RF power applied to the gain section was −16 dBm, and −24 dBm, to the saturable absorber section, to detect the 2-tone fundamental power of −32 dB for both cases. The noise floor was set by the phase noise of the mode-locked laser and was measured to be −108 dBm. As the RF carrier powers were reduced, the third order intermodulation tones dropped below the noise floor with a SNR ratio of 70 dB for the SA and 68.5 dB for the gain. This shows that the modulation using the gain section is less linear than modulating the saturable absorber. This is attributed to changes in the modulating current also modulates the gain and hence output power, and leads to coupling between the desired phase modulation and an unwanted amplitude modulation. To mitigate this problem, it could prove useful if a phase-only modulation section could be realized.
D. Performance Characteristics of Linear Comb Modulator Using 3-Section MLL
As seen above, the linearity of the optically injection locked modulator can suffer in performance owing to a coupling between the desired phase modulation and an unwanted amplitude modulation. To mitigate this problem, the 2-section mode-locked laser design was improved by incorporating a 3rd "passive" section. The third section was fabricated by employing a selective area quantum well disordering technique that allows the band edge emission to be shifter to shorter wavelengths. By doing this, one can transform a short length of the gain region waveguide to become transparent to the lasing wavelength. Electrically pumping this region changes the refractive index experienced by the lasing wavelength, and serves as the mechanism that can tune the phase without effecting the output power.
The 3-section devices were fabricated from the same wafer, and devices were fabricated to achieve mode-locked operation near 22 GHz. The overall device length was 1877 microns, with a saturable absorber section of 30 microns. The passive section was 365 microns and the peak of its band-edge was blue shifted by 73 nm to 1450 nm via quantum well intermixing [35] . This shift of the band-edged makes this region "transparent" to the laser emission. Electrically pumping this region provides the phase shifting functionality without effecting the output laser power and hence residual AM modulation. The fabricated devices showed threshold currents of 44 mA; with a slope efficiency of 0.06 W/A and a forward bias impedance of 33 ohms.
The 3-section mode-locked lasers generated a well-defined optical comb under passive mode-locked operation. The output MLL characteristics are in Fig. 18 , showing a frequency comb centered at 1546 nm with a spectral width of 3.15 nm. The deconvolved pulse width is 3.2 psec with a time bandwidth product of 1.26, suggesting that the pulse that are 2.86 time the Fourier transform limit.
The main purpose of the 3-section device is to reduce the unwanted amplitude modulation that occurs in employing the 2-section MLL in the MZ modulator configuration. To determine the effectiveness of the 3-section device, the change of output power and shift in lasing cavity resonance was measured for bias currents magnitudes that are within the range for injection locking to be stable and compared to the 2 section device performance. In Figs. 19 and 20 , plots of the change in frequency of a comb line, and the corresponding change in output power are shown for the 2-section and 3-section devices, respectively. The salient features are that the 2-section device shows a 13% change in output power for a 1 mA change in forward bias current to the gain section, with a corresponding 330 MHz shift of a comb-line. In contrast, the 3-section device exhibits a negligible change in output power from 0-1mA, but is able to provide a 1.92 GHz shift in the comb line position. The very small change in output power and large shift in comb line position shows that the passive section has both mitigated a coupling of the change in output power from modulating the comb line position, and also shows a much greater (∼5.8×) efficiency for phase modulation.
The experimental set up is identical to Fig. 15 , except that MLL in the MZ interferometer has been changed to the 3 section device. It should be noted that the master laser used is a 2 section MLL in operating under hybrid mode-locked conditions. The two-tone modulation frequencies chosen to measure the SFDR were chosen to range from 900-1 GHz for f 1 and 1.1-1.2 GHz for f 2 . These frequencies were chosen to be high enough to be shifted away from phase noise skirts in the RF power spectrum of the passive mode-locked slave laser, but low enough to be applied with simple probes. The input RF powers were adjusted to have identical photo-detected RF power for modulating the passive section. The resulting SFDR plot is show in Fig. 21 . From this figure, a SFDR of 75 dB/Hz 2/3 is measured which is 6.5 dB improvement of the 2 section device shown earlier.
A slight deviation in the SFDR plots of the upper and lower intermodulation product are due to leakage effects from using dc pads and probes to apply the modulating signals.
V. SIGNAL PROCESSING
The strength of signal processing with frequency combs lies in the ability to partition, or separate the spectral content of an ultra-broadband signal into separate channels and process these channels in parallel. Subsequent to the processing, the resulting channels can be re-multiplexed to generate the processed ultra-broadband signal. For example, 16 comb components on a 10 GHz grid can be processed in parallel using 10 GHz electronics, but resulting in 160 GHz signal processing rates. To facilitate further discussion, it is appropriate to focus on a particular application, e.g., arbitrary waveform generation, to concretely elucidate the signal processing attributes.
Several prominent architectures for generating arbitrary optical waveforms employ either complex polar modulation or I-Q modulation on individual combs lines, and have demonstrated the generation of complex optical waveforms with infinite temporal extent [1] , [2] , [36] . In general, the architectures spectrally separate an input optical signal, e.g., a mode-locked stabilized frequency comb, and then perform modulation /filtering on the different wavelength channels, followed by spectrally recombining the different optical channels to realize the desired output signal (See Fig. 22) As in previous architectures, the demonstration of these approaches relies on conventional modulation device technologies, e.g., Mach-Zehnder interferometers, phase modulators, etc. One limitation of these device technologies is the ability for on chip integration, and it is in this light that we propose to use the injection locking concept developed above for fast modulation capability on a -comb-by comb basis with ultrafast modulation capabilities, and the potential for low power consumption and scalability.
A. Injection Locked VCSELs for Arbitrary Waveform Generation -Device Concept
It has been shown above that the process of injection locking micro-cavity lasers can be used as a mechanism for fast phase modulation. Given the availability of arrays of micro cavity lasers, such as vertical cavity surface emitting semiconductor lasers (VCSELs), the functionality of using arrays of injection locked laser as fast spatial light modulators becomes feasible [37] . The advantages of this approach is many. The VCSELs can be fabricated in 1-or 2-D geometries, that can be used for conventional frequency combs and pulse shaping or for use in 2-D frequency "brush" applications [38] . The VCSEL's small size and electrically efficient operation lends itself to improving the size, weight, cost and power consideration for mobile applications. The micro cavity geometry of VCSELs and inherent gain dynamics enables modulation rates at 10's of GHz [39] which represents a more than a million-fold increase in modulation rates as compared to conventional liquid crystal technologies. In addition, since the frequency combs are 'regenerated' in the injection locking process, there is an inherent 'gain' or optical amplification as an integral part of the process. This leads to negative insertion loss, which is a truly unique characteristic of any modulation process.
B. Waveform Generation
The optical waveform generation scheme relies on the availability of a stabilized optical frequency comb. An illustration of a compact integrated chip scale architecture is show in Fig. 23 . The output from the MLLD is passed through a circulator, and spectrally dispersed using e.g., an arrayed waveguide grating. Each individual comb line injection locks a separate VCSEL in the array. The injection locked output exits the VCSEL array counter-propagating to the input comb lines, and are remultiplexed and reflected as an output from the circulator. By modulating the input currents of the VCSELs, an ultrafast spatial light modulator is realized. It should be noted that since the VCSEL cavity is very short, the fast modulation rates can easily be achieved.
C. Waveform Measurements and Characteristics
For experimental demonstrations, a free space "pulse shaper" was constructed with design parameters for employing an optical frequency comb with a 12.5 GHz comb line spacing, to be used with a commercially available 12-element linear VC-SEL array (Fig. 24) . The VCSEL to VCSEL pitch is 250 microns, which sets the linear spatial dispersion needed from the pulse shaper. The pulse shaper was comprised of a collimator, followed by a beam expander, diffraction grating (1100 lp/mm) focusing lens (f-1.16 m), half wave plate, a micro lens array to optimize spot size and coupling into the VCSELs, and the VC-SEL array in the Fourier plane. Individual electrical signals were connected to the VCSELs by a custom printed circuit board with 12 strip lines. Both DC and high speed RF signal were generated and connected to the PCB using bias tees and SMA cable. Finally, the VCSEL array was mounted to the circuit board and individual wire bonds were attached from the end of each strip line to each VCSEL on the array.
The experimental setup for characterizing the ultrafast VCSEL based SLM and generating arbitrary waveforms is shown in Fig. 25 . To facilitate the experiments, electro-optically modulated frequency combs were generated and used as the source light, as opposed to chip scaled based MLLDs. In addition, to measure the generated waveforms, a second comb set, operating at 12.501 MHz is generated, and mixed with the original comb set to perform "multi-heterodyned detection" to measure and characterize the waveforms. The setup is as follows: A single frequency c.w. laser is amplified and split into 2 beams, with one beam passing through an acousto-optic modulator to shift the optical frequency by 200 MHz. Each beam was passed through a series of 3 modulators (1 -intensity modulator and 2 phase modulators).; Each modulator in beam path 1 (or 2)was driven with a 12.5 GHz (or 12.501) sine wave, and the relative powers and phase of the RF driving signals were adjusted to generate 12 equally spaced combs with uniform power distribution. One comb set (12.5 GHz) was sent to the pulse shaper set up containing the VCSEL array. The injection locked and optically modulated output combs were recombined with the 12.501 GHz reference combs and detected differentially, low pass filtered, with the resulting signal captured on a real time oscilloscope.
Four canonical waveforms were generated and measured using this setup: 1) flat phase, transform limited pulses, 2) a period doubling pulse train, 3) a period doubling pulse train, with alternating compressed pulses and chirped pulses, and 4) pulses with cubic spectral phase. The corresponding measured waveforms (gray) and calculated waveform envelopes (red), their measured optical spectra, the desired applied spectral phase on the VCSEL, and the retrieved spectral phase from analysis (triangles) are shown in Fig. 26(a)-(d) showing excellent agreement, demonstrating the utility of injection locked VCSELs as a potential device suitable in InP based integrated circuits for signal processing.
VI. CONCLUSIONS
The development of semiconductor based integrated photonic devices have been used to show a variety of ultrafast signal processing functionalities. In particular, theses functionalities have exploited the availability of a stabilized optical frequency comb. To achieve these functionalities, we showed that integration plays an important role in reducing the size, weight and power consumption and also improve performance. We showed how to generate stable combs using coupled cavities and relying on nonlinear optical phenomena and optical injection locking to stabilize the output comb without the immediate need for feedback control electronics. In addition, the concept of optical injection locking is used as an underlying physical mechanism to realize the key signal processing functionalities of comb modulation for both time domain application and frequency domain applications. Time domain modulation was achieved by employing an injection locked MLLD in one arm of an interferometer to realize true linear intensity modulation, by modulation all combs simultaneously with the same modulation signal. Frequency domain modulation was achieved by spectrally dispersing the optical comb and having each comb component injection lock a separate micro-cavity laser, allowing for the realization of an ultrafast phase-only spatial light modulator and was used to demonstrate optical waveform generation. In addition, concepts for fully integrated device functionality have been proposed. It is our belief that the standard semiconductor based fabrication procedures can produce devices with a broad range of functionalities, such as lasers (CW & Pulsed), distributed optical gain, detectors, passive waveguides, power splitters & combiners, dispersion compensators, modulators, nonlinear saturable absorbers, multi-wavelength materials, and wavelength elective reflectors. These functionalities combined with high speed electronics that can also be fabricated from InP based materials are sufficient for most signal processing architectures and systems will serve to usher in a new generation of technologies that will only be limited by our imagination.
